We present the results of experimental study of electrical properties of textured La0.7Ca0.3MnO3 manganite films, grown onto MgO substrate by laser deposition technique, under influence of high power microwave radiation and strong pulsed DC electric field of nanoseconds duration. Microwave response data of pure polycrystalline La0.7Ca0.3MnO3 films grown onto ZrO / MgO substrate is also presented for comparison. Decrease of electrical resistance of the LCMO / MgO film was observed in the DC electric field at temperatures ranging from 300 down to 78 K. Nonbolometric character of the resistance increase of the textured LCMO / MgO film could be explained by carrier tunnelling through the intergrain boundaries in the strong electric field. Temperature dependence of the resistance change of the LCMO / MgO film in the microwave electric field qualitatively followed the dependence of the electrical resistance derivative with respect to temperature, however the characteristic anomaly related to the PM-FM transition in the material in this case was shifted slightly to the lower temperature region. Time dependences of microwave response of the textured LCMO / MgO film have shown fast rise of the electrical resistance change when the microwave pulse was applied, and relativelly slow relaxation after the end of the pulse, what is related with heat transfer processes from the manganite film to the substrate.
Introduction
The rare earth manganites, La 1−x A x MnO 3 (A = Ca, Sr, Ba) exhibiting interesting electrical and magnetic properties such as "colossal" magnetoresistance [1, 2] , phase transition from high resistance paramagnetic (PM) to metallic ferromagnetic (FM) state at Curie temperature (T C ∼ = 100-350 K) and presence of polarized carriers at T < T C provide increasing interest both for fundamental studies and various applications. The materials prepared in a form of thin films are promising for fabrication of magnetic field sensors, microwave radiation detectors, and novel spintronics devices based on spin-polarized electronic transport in tunnelling heterostructures.
Recent studies of microwave (MW) response of high crystalline quality epitaxial La 0.67 Ca 0.33 MnO 3 (LCMO) films revealed clear evidence of dynamical coexistence of paramagnetic and ferromagnetic phases in a narrow temperature region below the characteristic Curie temperature T C [3] . Similar investigations performed for polycrystalline manganite films revealed a key importance of intergrain boundaries on high frequency electrical conductivity [4] . Our recent investigations of electrical transport in polycrystalline manganite films by applying strong electrical field (both DC and MW) have showed new promising possibilities to study various electrical current mechanisms in the manganite films [5] . However, up to date, there is a lack of experimental data concerning strong electrical field effects in polycrystalline manganite films of various crystalline quality.
In order to elucidate the origin of possible current transport mechanisms in polycrystalline manganite films, a comparative experimental study of electrical properties in both fine-grained polycrystalline and textured LCMO films by applying both high power microwave radiation and strong pulsed DC electric field of nanoseconds duration was performed in this work.
Experimental
The La 0.7 Ca 0.3 MnO 3 (LCMO) films with thickness ranging from 150 to 200 nm were grown in situ at 750 • C by pulsed laser deposition onto crystalline MgO (100) substrates and polycrystalline ZrO-buffered Al 2 O 3 . The polycrystalline ZrO overlayers were prepared by depositing metallic Zr coatings onto nonheated commercially available polycrystalline Al 2 O 3 substrates. The Zr coatings were oxidized by annealing in pure oxygen for 2 h at 1100 • C and finally cooled down slowly to a room temperature.
Nd 3+ YAG laser used for LCMO film deposition operated in a doubled frequency mode (λ = 532 nm). Energy and duration of laser pulses were 25-50 mJ and 8-10 ns, respectively. After deposition, the LCMO films were annealed at 750 • C for 30 min in oxygen ambient at 1 atm pressure (for 3 hours) followed by slow cooling down to room temperature.
Θ-2Θ X-ray diffraction (XRD) measurements performed for the LCMO films on crystalline MgO (100) revealed preferential (001) orientation of crystallites with a certain small amount of misoriented (111) and (110) grains. Meanwhile, fine grain structure characterized by misaligned (100), (111) and (110) grains was found from XRD data for the films prepared onto ZrO-buffered Al 2 O 3 substrates.
Thin LCMO film stripes 10 mm long and about 2 mm wide were prepared for the electrical investigations. Couples of silver coating pads of 1 mm width were magnetron sputtered onto the films to provide low contact resistance electrodes both for DC and microwave measurements. Small distance between the contact pads (of about 300 µm) enabled one to investigate effects of strong electrical field on electrical transport in the films.
Low-frequency (f ∼ = 130 Hz) electrical resistance measurements were performed in a wide temperature range (78 to 300 K) using two-probe AC technique. Driving AC current of about 1 µA was used. Electrical measurements in strong pulsed DC electrical field were performed by applying electrical pulses of rectangular shape with 5-10 ns duration and 0.5 ns rise time.
For the microwave measurements, the samples were placed into the centre of a lowered rectangular waveguide. The longitudinal axis of the samples was oriented perpendicularly to the wide waveguide walls. In such a case, electrical component of the microwave field was parallel to the film surface. The pulsed microwave radiation with frequency of 10 GHz, pulse duration of 2 µs, repetition rate of 40 Hz, and maximum power up to 8 kW was applied. The microwave response of the samples was measured by a digital oscilloscope using DC bias current of 40 µA and a load resistor (R = 110 kΩ) connected in series. Tempera- ture of the samples controlled by a copper / constantan thermocouple was stabilised by a certain fixed liquid nitrogen vapour flow.
Results and discussion
Low-frequency electrical resistance measurements showed that the resistance of fine-grained polycrystalline LCMO films on ZrO / Al 2 O 3 substrate was higher compared to that of LCMO films prepared at the same deposition conditions onto crystalline MgO (see the corresponding R-T plots displayed in Fig. 1 ). The LCMO films grown onto ZrO / Al 2 O 3 substrate demonstrated higher magetoresistance values at lower temperatures compared to textured LCMO / MgO film. Figure 2 depicts the plot of the microwave response U d (the detected voltage U d = I b ∆R, where the bias current was kept 40 µA, and ∆R = R − R 0 is the microwave field-induced resistance change) versus mi- crowave power, P , for the textured La 0.7 Ca 0.3 MnO 3 / MgO film. Above the PM-FM transition temperature (T C ≈ 150 K), the dependence of U d versus P was found to be linear up to the highest microwave power values (P ≤ 6 kW). The measurements performed at lower temperatures (at T < T C ) revealed sublinear U d (P ) law. The sublinearity was found to increase with lower temperature while, at liquid nitrogen temperature the U d (P ) dependence became linear again, although in this case we point out an increase of film resistance by applying MW radiation in contrast to significant decrease at higher temperatures (T > 150 K). Solid points in Fig. 3 represent temperature dependence of the MW-induced resistance change called hereafter as "electroresistance" ER = [R(E) − R(0)] / R(0), where R(E) is film resistance at a certain electric field strength, E, and R(0) is zero-field resistance. Solid line corresponding to the electrical resistance derivative with respect to temperature of the same LCMO / MgO film is plotted in Fig. 3 for comparison. It can be seen that the maximum values of the observed microwave-induced resistance change are shifted to lower temperatures compared to maximum values of the derivative of the electrical resistance.
Open points in Fig. 3 show the temperature dependence of the electroresistance ER of fine-grained polycrystalline La 0.7 Ca 0.3 MnO 3 / ZrO / Al 2 O 3 film. In this case, a monotonic increase of negative ER values was observed over the whole temperature range. No sign of the bolometric character of the resistance change was indicated below the PM-FM transition temperature. It is worth to remind that in the case of epitaxial LCMO film, the sign and maximum values of the microwaveinduced resistance change have corresponded well to the derivative of the electrical resistance [3] .
Specific behaviour of the electrical resistance obtained for various manganite films may be explained taking into account different grain structure of the La 0. Fig. 3 that above the PM-FM transition temperature, there is no sufficient difference for current flow in the case of DC or microwave current. Certainly, the grains and the boundaries at T > T C are both in a paramagnetic state. Below the transition temperature T C , the grains become low resistance ferromagnetic while the boundaries with worse crystalline quality and modified stoichiometry are expected to stay in a paramagnetic state. In the case of DC electric field, the voltage would drop mainly on the intergrain boundaries, while in the case of microwave electric field, the main part of the voltage drops on the grains. Certainly, high frequency MW current may flow via the capacities formed in between the grains. i. e. the boundaries should be "transparent" for the microwave displacement current. The main difference between the La 0.7 Ca 0.3 MnO 3 / MgO and La 0.7 Ca 0.3 MnO 3 / ZrO/Al 2 O 3 films to our mind is a significant difference in size, number, and alignment of grains. In the textured manganite film, the grains are larger and better aligned. Therefore the role of the boundaries in the textured films should be reduced significantly compared to that in fine-grained films. One can conclude therefore that in respect to high frequency current flow, the textured LCMO films are intermediate between fine-grained polycrystalline and epitaxial films. Therefore, one can expect that the grain boundaries should be of greater importance for microwave current flowing in a fine-grained policrystalline manganite films. Electrical transport investigations performed for the manganite films using strong DC electrical field of nanosecond duration gave additional information about the dynamics of the electrical field-induced resistance change for the polycrystalline LCMO films [6] . Triangle-shaped points in Fig. 3 depict the temperature dependence of ER induced by short pulses of strong (up to 10 kV/cm) DC electric field. Negative electroresistance values were measured for the textured La 0.7 Ca 0.3 MnO 3 / MgO film in the entire temperature range. It is important to note that this negative increase of ER is not bolometric by its nature. It can be explained assuming carrier tunnelling through intergrain boundaries under strong electric field [6] .
Oscillograms of the response pulse measured for the textured LCMO film at various temperatures by applying square pulses of DC current are presented in Fig. 4 . At room temperature (T T C ), the electrical resistance change was almost constant during the entire duration of the pulse. In the vicinity of the PM-FM transition temperature (T = 135 K), slight decrease and following increase of the resistance change was observed. Monotonic decrease of the resistance change at lower temperature (T = 100 K) observed during the whole pulse duration we associate with Joule heating of the manganite film under the influence of strong electrical field. Pulsed microwave response measured at various temperatures for textured LCMO film is displayed in Fig. 5 . The response rise time was independent of temperature, while the corresponding relaxation time depended on temperature nonmotonically: it rised from about 2 µs at room temperature up to 10 µs at the PM-FM transition temperature and decreased following the sample cooling below T C . The relaxation time magnitude is determined not only by electrical resistance of the sample, because its value varies from 0.2 µs at room temperature up to 2 µs at the transition temperature. The duration of the microwave response relaxation could be related with heat transfer processes from LCMO film to substrate in the same manner as in the case of epitaxial manganite films [1] .
Conclusions
• Significant decrease of electrical resistance was observed for textured LCMO films in a wide temperature range (T = 78-300 K) by applying strong DC electric field. The nonbolometric character of the resistance decrease observed for textured LCMO film is explained within a model based on tunnelling of carriers through intergrain boundaries under strong electrical field.
• Temperature dependence of resistance change of the textured LCMO film in microwave electric field qualitatively followed the temperature dependence of the electrical resistance derivative, however the characteristic anomaly related to the PM-FM tran-sition in the material in this case was shifted slightly to the lower temperature region.
• Time dependences of microwave response pulse of the textured LCMO film showed fast rise of the electrical resistance change when microwave pulse was applied, and relatively slow relaxation after the end of the pulse, that is related with heat transfer processes from the LCMO film to the substrate.
